Objectives: The early phase of orthodontic tooth movement involves acute inflammatory response that may induce bone resorption. The aim of this study was to localize and quantify cells in the periodontium expressing proinflammatory mediators during orthodontically induced periapical root resorption of the rat mandibular molars.
Introduction
Orthodontic root resorption is induced by the application of heavy mechanical force, injury to the moving teeth, traumatic occlusion, metabolic diseases, and other causes such as individual susceptibility (1, 2) . The early phase of orthodontic tooth movement involves acute inflammatory response characterize by periodontal vasodilation and leukocyte migration out of capillaries (3) . These inflammatory reactions are attributed to the biological activity of proinflammatory cytokines released from migrated cells and paradental resident cells. The secreted cytokines can induce target cells to synthesize and secrete numerous proinflammatory mediators, including prostaglandins, growth factors, and cytokines (4) . Members of the interleukin-1 (IL-1) family of cytokines mediate various biological reactions involved in host defense mechanisms, inflammation, and autoimmunity (5, 6) , inducing immune responses in almost all tissues and organs (7, 8) . IL-1α and IL-1β, the most studied members of the IL-1 family which exert strong proinflammatory effects, are shown to be elevated in the feline and murine periodontal ligaments (PDL) in response to the application of mechanical force (9, 10) . Tumor necrosis factor-α (TNF-α) assists IL-1β in the process of bone remodeling (5) , acting as a potent inducer of bone resorption in fetal rat and mouse organ cultures (11) . Both cytokines are expressed in gingival crevicular fluid during orthodontic tooth movement in humans, and have been reported to be essential for the enhancement of inflammatory response (12) (13) (14) . In addition to proinflammatory cytokines, other inflammatory mediators also play a role in bone resorption. Prostaglandin E 2 (PGE 2 ) is a well-known inflammatory mediator produced from arachidonic acid by constitutively expressed cyclooxygenase 1 (COX-1) and cytokine-inducible COX-2 (15) . COX-1 is mostly synthesized in normal tissues, while COX-2 is induced in inflammatory sites (16) . Thus, COX-2 activity is considered to be important for acute inflammatory responses triggered in the PDL by the application of orthodontic force (17) .
It has been shown that the expression of cytokines and other inflammatory factors is induced in paradental tissues during orthodontic tooth movement (9, 10); however, previous studies have rarely described the localization of inflammatory factors in orthodontically induced apical root resorption sites.
In this study, we investigated the expression of immune regulatory factors, such as cytokines, inflammatory enzymes, and PGE 2 , in periapical root resorption during orthodontic movement in the mandibular molar in rats. We used histochemistry to determine the distribution and to quantify the levels of proinflammatory factors in root resorption areas in situ.
Materials and methods

Animals
Twenty 8-week-old Sprague-Dawley male rats (Sankyo Labo Service Corporation, Inc., Tokyo, Japan) were randomly divided into the control group (n = 4) and two experimental groups. In the untreated control group, the mandibular molars exhibited physiological distal drift (drift group), while in the experimental groups, the molars were subjected to mesio-occlusal movement for 8 days (8-day group, n = 8) and 15 days (15-day group, n = 8). The animals were housed in separate cages in a 12-h light/dark environment at the constant temperature of 23°C and were provided food and water ad libitum. During the experiment, rats were weighed twice a week. All procedures were carried out under general anesthesia with 80% (v/v) of 50 mg/ml ketamine hydrochloride (KETALAR 50, Sankyo Co., Ltd., Tokyo, Japan) and 20% (v/v) of 2% xylazine hydrochloride (Celactal 2% injections, BAYER-Japan Co., Ltd., Tokyo, Japan) administered intraperitoneally (1 ml/kg). All animal experiments were approved by the Institutional Animal Care and Use Committee (approval #: 0150192A, 0160246A, 0170347A).
Periapical root resorption by experimental tooth movement
When the rats were 8-week-old, the left mandibular first molars were mesio-occlusally moved for 8 and 15 days. Necessary anchorage was provided by a titanium screw implant fixed to the left body of the mandible and a cobalt-chromium (Co-Cr) alloy wire extending along the incisal axis. To initiate periapical root resorption, a 0.5 N (50 gf) super-elastic nickel-titanium (Ni-Ti) alloy closed-coil spring, which delivered sufficient continuous heavy force on the rat molar was extended from the tip of the Co-Cr alloy wire to the left mandibular first molar. The spring was attached to the tooth using a clamp and reinforced by filling the gap between the clamp and tooth with composite resin, as described previously (18) .
Tissue preparation
All animals were anesthetized by diethyl ether and sacrificed by transcardiac perfusion with 2% paraformaldehyde in 10 mM phosphate buffer solution (PBS) containing 0.21% picric acid. The mandibles were dissected out immediately and immersed in the same fixative solution overnight at 4°C. Subsequently, tissue blocks were decalcified in 10% EDTA at 4°C for 4 weeks, immersed in 10, 15, and 30% sucrose in 10 mM PBS for 6 h, and embedded in optimal cutting temperature (OCT) compound (TissueTek ® , Sakura, Tokyo, Japan). Frozen sagittal serial sections (thickness, 10 μm) were prepared using a cryostat microtome (CM3000, Leica Instrument GmbH, Nussloch, Germany). Sections containing the root canal were stained with hematoxylin and eosin (HE) to examine periapical root resorption in the compression area. Frozen sections containing periapical root resorption regions were selected and every seventh slide (one section on each slide) was chosen for enzyme histochemistry to simultaneously identify non-specific esterase (NSE) and tartrate-resistant acid phosphatase (TRAP), and immunohistochemistry to detect IL-1α, IL-1β, TNF-α, COX-1, COX-2, and PGE 2 .
Enzyme histochemistry for TRAP and NSE
The α-Naphthyl Acetate Esterase kit (Sigma Diagnostics Inc., St. Louis, MO, USA) was used to identify cells of the monocyte-macrophage lineage (19) . To identify odontoclasts and their precursors in the active resorption lacunae, TRAP activity was detected as previously described (18, 20) . In brief, sections were fixed in citrate-acetone-formaldehyde solution for 30 s, and incubated in deionized water containing α-naphthyl acetate as a substrate and Fast Blue BB salt to stain NSE reaction product; the reaction was stopped with distilled water. Then, TRAP activity was detected in 50 mM sodium tartrate, pH 5.4, containing naphthol AS-MX phosphate as a substrate and Fast Red Violet LB salt (Sigma) to stain TRAP reaction product. The slides were counterstained with hematoxylin and mounted in permanent aqueous mounting medium (Crystal/Mount; Biømeda Corp., Foster City, CA, USA).
Immunohistochemistry for IL-1α, IL-1β, TNF-α, COX-1, COX-2, and PGE 2 Immunohistochemistry was performed using the ABC-PO kit (Vector Laboratories, Burlingame, California, USA) according to the manufacturer's instruction. In brief, sections were air-dried, incubated in PBS with 0.3% Triton X-100 (PBST) for 20 min at room temperature, and treated with 3% hydrogen peroxide in distilled water to inhibit endogenous peroxidase. Sections were then pre-treated with 2% normal goat or rabbit serum (NSS) depending on the origin of the primary antibody (Vector Laboratories) in PBST for 30 min, and incubated with the primary antibodies against rat IL-1α and IL-1β (both rabbit polyclonal, 1:300; Endogen, Woburn, Massachusetts, USA), rat TNF-α (goat polyclonal, 1:1,000; R&D Systems, Inc., Minneapolis, Minnesota, USA), murine COX-1 (1:300) and COX-2 (1:100) (both rabbit polyclonal; Cayman Chemical Company, Ann Arbor, Michigan, USA), and rat PGE 2 (rabbit polyclonal, 1:500; Assay Designs, Inc., Ann Arbor, Michigan, USA) in 2% NSS for 20 h at 4°C (21, 22) . Immunocomplexes were visualized by incubation with biotinylated anti-rabbit or anti-goat antibodies and ABC solution for 30 min, followed by the treatment with 0.02% 3,3'-diaminobenzidine tetrahydrochloride (DAB kit, Vector Laboratories). All sections were counterstained with methyl green and mounted in mounting medium (Entallan, Merck, Darmstadt, Germany).
Negative control sections were incubated with NSS instead of primary antibodies; sections of the lower first molar region with inflammation induced by clamp attachment at the furcation area were used as positive controls.
Quantitative analysis of enzyme histochemistry and immunohistochemistry data
The expression of TRAP, NSE, and inflammatory mediators was quantitatively analyzed in the disto-apical region of the distal root considered as the compression area with active root resorption sites and the corresponding area in the untreated control PDL (drift group). Number of positively stained cells were counted three times in the same 0.05-mm 2 periodontal unit area (0.1 × 0.5 mm from the tooth root surface) that covered the whole length of the root resorption lacuna and neighboring periodontal regions in each tissue section (one section per animal per factor). Periodontal unit areas were measured under a microscope (magnification, ×200) using an image analysis program (Image-Pro Plus 4.0, Media Cybernetics, Silver Spring, Maryland, USA). Counting was performed by an investigator blinded to the design. NSE-stained cells indicated the monocyte-macrophage lineage and TRAP-positive cells were considered osteoclasts and/or odontoclasts and their precursors. Cells positive for cytokines, COX, and PGE 2 expression were counted among all cell types (odontoclasts, osteoclasts, cementoblasts, fibroblasts, monocytes, macrophages, and endothelial cells) and represented the total cell number per unit area.
Statistical analysis
All data are presented as the mean ± SD. Pair-wise comparison between the drift group (control) and the 8-day and 15-day groups was performed by Wilcoxon signed-ranks test using a statistical analysis program (SPSS 15.0, IBM, Armonk, New York, USA). The level of significance was set at 0.05.
Results
According to the changes in body weight, the animals in the drift group and both experimental groups exhibited normal growth during the study (data not shown).
Characteristics of root resorption
TRAP-positive multinucleated cells, odontoclasts, formed during tooth movement were identified in the root-resorption lacunae. In all specimens of the 8-day and 15-day groups, periapical root resorption occurred in the disto-apical third region of the mesial and distal roots facing the alveolar bone in the compression zone close to the root apex. The drift group did not exhibit any active root resorption lacunae.
Localization of immune mediators in the drift PDL
Because of distal physiological movement of the molar, active alveolar bone resorption occurred at the distal part of the root where osteoclasts were observed. Macrophages and monocytes that showed intense NSE-positive staining were mostly round, oval, or short and spindle-like in shape, and were distributed along the surface of periodontal capillaries adjacent to the resorption area. The immunoreactivity for IL-1α, IL-1β, TNF-α, COX-2, and PGE 2 was weak and mostly detected in osteoclasts and macrophages, whereas COX-1 expression was clearly observed in monocytes and macrophages (arrows) as well as some fibroblasts and endothelial cells, but was rarely detected in osteoclasts (Figure 1 ).
TRAP and NSE activity in the orthodontically induced root resorption areas
In the root resorption lacunae and neighboring areas, a large number of TRAP-positive multinucleated odontoclasts identified as redstained cells were observed on the root surface for both experimental groups. Some NSE-positive monocytes and macrophages identified as black-stained cells were detected around periodontal capillaries located close to the resorption lacuna and connection area neighbouring alveolar bone marrow (Figure 1 ). The number of TRAPpositive cells was significantly higher in the experimental groups than in the drift group; however, no difference was observed between the groups in NSE activity (Figure 2) .
Localization of proinflammatory mediators in the orthodontically induced root resorption area
The expression of cytokines IL-1α, IL-1β, and TNF-α in the resorption lacunae was observed mainly in odontoclasts lining the root surface, a few fibroblasts beneath the odontoclastic layer, monocytes and macrophages around blood vessels, and endothelial cells in the inflammatory area. COX-2 and PGE 2 were detected in the root resorption lacunae mainly in monocytes, macrophages, and odontoclasts, as well as in some fibroblasts and endothelial cells, whereas COX-1-positive cells were rarely observed. The number of cells expressing the immune mediators (except COX-1) was significantly higher in the periodontal area of the experimental groups compared to that in the drift group (Figure 2) .
Discussion
In the present study, we investigated the expression of proinflammatory mediators such as cytokines IL-1α, IL-1β, and TNF-α, enzymes COX-1 and COX-2, and PGE 2 in response to periapical root resorption induced by continuous heavy mechanical force during experimental movement of the rat mandibular molars.
Our results indicate that TRAP-positive odontoclasts and their precursors were significantly enriched in the root resorption area; however, the number of NSE-positive cells did not increase. This observation may be attributed to the fact that some cells of the monocyte/macrophage lineage supposed to be engaged in the root resorption may form precursors of osteoclasts/odontoclasts as has been reported previously (23, 24) .
Many recent studies have investigated the expression of cytokines and other proinflammatory mediators in response to mechanical stimuli. The data indicate that inflammation plays a significant role in bone resorption. Thus, the combination of mechanical stress and IL-1β treatment exerted additive effects on bone resorption activity in vitro (25) , and the upregulation of many potent activators of bone resorption, such as IL-1, TNF-α, IL-6, and PGE 2 has also been reported (10) . The results of in vitro and in vivo studies suggest that proinflammatory factors act synergistically to promote bone resorption, physiological resorption of deciduous tooth roots, and bone remodeling during tooth movement (26) . Our results show that the levels of IL-1α and IL-1β increased considerably in the root-resorption area of the treated rats, indicating that the application of heavy force induced inflammatory response and stimulated dental root resorption rather than alveolar bone resorption during tooth movement. Moreover, we observed an increase in COX-2 expression and PGE 2 production induced by tooth movement. These data are consistent with previous findings that IL-1α stimulates COX-2 expression and then synergizes with COX-2 to elevate the production of PGE 2 (27, 28) .
In a previous study on the de novo synthesis of cytokines during tooth movement, the expression of IL-1β and IL-6 mRNA was shown to be upregulated, whereas TNF-α expression was not detected (10) . In a recent study, however, TNF-α was highly detected at the active root resorption stage during tooth movement (11) . Given that TNF-α is generally expressed by multiple cell types in root resorption areas, it may be assumed that this cytokine, similar to IL-1, is directly involved in the process of periapical root resorption, which is consistent with our model. However, the increase in TNF-α expression in the periapical root resorption area was lower than that in IL-1α expression (twofold versus sixfold, respectively, compared to the drift group).
It has also been shown that after continuous application of orthodontic force, the level of IL-1β and IL-6 mRNA expression was the highest on day 3 and decreased on days 7 and 10, whereas TNF-α mRNA was not detected (10) . In contrast, our results show that protein expression of IL-1α, IL-1β, and TNF-α did not decrease in the root resorption regions of moved teeth during the 15-day period, suggesting that the level of inflammatory cytokines was constantly elevated in root resorption areas created by continuous application of heavy mechanical force.
In agreement with a previous study (17) , we found that mechanical stimulation induced COX-2 expression and consequent PGE 2 release in the root resorption lacunae, and that COX-2 and PGE 2 were produced by several cell types, including multinucleated odontoclasts, macrophages, monocytes, fibroblasts, and adjacent vascular Figure 2 . Expression of monocyte and osteoclast markers, and proinflammatory mediators in orthodontically induced root resorption and physiological tooth drift areas. Cells positive for NSE (non-specific esterase), TRAP (tartrate-resistant acid phosphatase), IL-1α, IL-1β, TNF-α, cyclooxygenases COX-1 and COX-2, and PGE 2 (prostaglandin E 2 ) were detected by histochemistry and quantified as the total cell number per unit area using Image-Pro. Drift, untreated control (n = 4); 8 and 15 days, root resorption areas after 8 and 15 days, respectively, of mesio-occlusal tooth movement (n = 8). *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the drift group. Horizontal lines of the box and whisker plot diagram represent 95th, 75th, 50th, 25th, and 5th percentiles from the top. endothelial cells. However, COX-1 expression was barely detected. These results are consistent with previous findings that COX-1 is constitutively expressed in physiological conditions such as physiological tooth drift, while COX-2 is induced by various stimuli such as inflammation, hormones, and growth factors (16, 29) .
The release of osteotropic cytokines such as IL-1α, IL-1β, and TNF-α from macrophages (11, 30) , monocytes (31, 32) , and fibroblasts (33) due to the application of continuous heavy force may inhibit the healing of the root resorption lacunae produced at inflamed sites, resulting in the initiation and progression of connective tissue destruction. IL-1β stimulates a variety of cell types to produce mediators of connective tissue metabolism and bone resorption, including IL-1, IL-6, TNF-α, PGE 2 , and matrix metalloproteinases (34) , inducing the recruitment and activation of osteoclasts, and the degradation of connective tissue structural proteins such as collagen.
In conclusion, our study strongly supports the notion that inflammatory factors responsible for bone resorption are also involved in the periapical root resorption activity at the application site of continuous heavy orthodontic mechanical force.
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